We present the development and characterization of a dedicated resonant soft x-ray scattering facility. Capable of operation over a wide energy range, the beamline and endstation are primarily used for scattering from soft matter systems around the carbon K-edge (∼285 eV). We describe the specialized design of the instrument and characteristics of the beamline. Operational characteristics of immediate interest to users such as polarization control, degree of higher harmonic spectral contamination, and detector noise are delineated. Of special interest is the development of a higher harmonic rejection system that improves the spectral purity of the x-ray beam. Special software and a user-friendly interface have been implemented to allow real-time data processing and preliminary data analysis simultaneous with data acquisition. © 2012 American Institute of Physics.
I. MOTIVATION AND BACKGROUND
Soft matter systems, including many high performance materials in novel devices, often consist of multiple components and are naturally or synthetically nanostructured for optimal properties and performance. To fully understand their structure-property and structure-performance relationships, quantitative compositional analysis and morphological characterization at the sub-100 nm or even sub-10 nm length scale are required. This need is generally addressed by various microscopy or scattering methods. The particular contrast mechanism used defines the utility of the particular microscopy [1] [2] [3] [4] [5] or scattering method [6] [7] [8] [9] [10] [11] for a given type of sample. Those capable of achieving high q-range and q-resolution include conventional small angle x-ray scattering (SAXS) and small angle neutron scattering (SANS). These are powerful characterization methods that are widely utilized to assess the morphology, size, or shape of a wide range of material classes investigated in numerous disciplines. [6] [7] [8] [9] [10] [11] The intensity profiles of SAXS and SANS are the modulus squared Fourier transforms of the real space electron or scattering length density of the sample, respectively, and so measure the statistical average of the sample morphology over the illuminated volume. A number of sophisticated analysis methods have been developed to also determine, for example, various correlation functions (i.e., height, density, and pair correlations of surface and bulk features), purity of domains, and the radius of gyration of polymers. [6] [7] [8] For soft, organic matter, scattering contrast using conventional SAXS at higher energies relies on electron density differences [6] [7] [8] unless energies near an absorption edge are used to exploit "anomalous" enhancements. 12, 13 Resonant soft x-ray scattering (R-SoXS) methods achieve contrast between functional moieties and can have orders of magnitude a) Author to whom correspondence should be addressed. Electronic mail:
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more scattering intensity than SAXS, facilitating investigations of very thin organic films in transmission. [14] [15] [16] [17] The physical basis of the contrast mechanism and the general advantages of R-SoXS have been described extensively before. Basically, the effects of the interaction of x-rays with matter are encoded in the complex index of refraction
n(E) = 1 − δ(E) + iβ(E).
(
These two energy dependent terms of the index of refraction are related to the complex scattering factor f = f 1 + i f 2 (= f o + f + i f in anomalous SAXS terminology) (2) in the forward scattering or long wavelength limit through
where α = n a r e /2π with n a being the number density of atoms and r e being the classical radius of the electron. Consequently, bond-specific contrast can be achieved in a manner similar to near edge x-ray absorption fine structure spectroscopy (NEXAFS) microscopy, because δ and β change rapidly as a function of photon energy near absorption edges and the quantity δ 2 + β 2 determines the materials contrast and scattering strength. The reader is referred to the literature for more details. 14, [16] [17] [18] [19] [20] [21] [22] More recently, it has been pointed out and shown that R-SoXS furthermore has unique contrast to bond orientation if polarization control of the incident photons is possible. 23, 24 Although soft x-ray scattering systems and facilities with detection systems based on 2D detectors such as CCDs have been previously developed, these are mostly optimized for magnetic scattering 25 and/or coherent imaging. [26] [27] [28] The initial R-SoXS developments for soft matter and the first applications occurred with a point detector at a bending magnet beamline at the Advanced Light Source (ALS). This facility R-SoXS data acquisition rates for any geometry other than θ -2θ scans, which can lead to radiation damage. 20 In order to greatly improve data rates and experimental capabilities to study radiation sensitive soft matter, we developed a new endstation at the ALS Beamline 11.0.1.2 capable of scattering x rays with energies from 165 eV to 1.8 keV to probe size scales from 0.5 nm to 5 μm. We describe the hardware components of the beamline and endstation. The in-vacuum 2D detector system 20 is capable of the equivalent small angle scattering experiments performed with conventional SAXS (Refs. 6, 8, and 30) and SANS, 7, [31] [32] [33] [34] but with unique tunable chemical sensitivity and bond orientation contrast afforded by the resonant interactions of soft x rays.
There are numerous experimental challenges when operating near the carbon K absorption edge for which we present methods of characterization and mitigation. These include characterizing and controlling the degree of polarization of the x-ray beam and higher harmonic spectral contamination as well as correcting for sources of detector noise and characterizing the detector spectral response. Additionally, we present a live scattering analysis system that performs data correction and reduction, allowing for immediate determination of data quality and efficient use of experimental time.
II. BEAMLINE DESCRIPTION
The dedicated system described here has been retrofitted as a branch line to an existing ALS beamline that already supports a third generation photoelectron emission microscope. 35 Initial developments of this scattering chamber and scattering efforts have been described by Wang et al. 20 A. Hardware of Advanced Light Source beamline 11.0.1.2
X-ray source and upstream optics
Beamline 11.0.1.2 is schematically depicted in Figure 1 . It has as its x-ray source an elliptically polarizing undulator (EPU). This 5 cm period EPU directly produces high brightness x-ray photons from 165 eV to 1.8 keV, with variable linear or elliptical polarization. 36, 37 In this type of undulator, four rows of permanent magnets are placed along the axis of the electron beam. Two of the rows are placed above the plane of the storage ring and to either side of the electron beam, and two below, again with one on either side of the beam. By changing the distance (the "vertical gap") between the upper pair and the lower pair, and the longitudinal position of the rows (the "row phase") relative to each other, control of both the energy and polarization of the x rays is obtained. Linear polarizations with E-fields oriented from 0
• to 90 • (measured relative to horizontal) are available at energies above 160 eV. Using the fundamental output from the undulator, pure circularly polarized x rays can be produced from 130 eV to 600 eV. For higher energies, the 3rd and 5th undulator harmonics must be used. However, using the harmonics generates elliptical rather than pure circular polarization. High flux and brightness can be retained in the 3rd and 5th harmonics with degrees of circular polarization of 0.8-0.9. From this source, using a horizontally deflecting, vertically focusing sagittal cylindrical mirror, the x rays are directed and focused into a vertically dispersing, variable linespaced grating monochromator equipped with a horizontal entrance slit. The monochromator contains a grating that has three different line densities on a single substrate, optimized for the energy ranges 165-600 eV (250 line pairs per millimeter, lpm), 330-1300 eV (500 lpm), and 660-2000 eV (1000 lpm). A key feature of the beamline is the inclusion of an adjustable bendable elliptical mirror just upstream of the monochromator exit slits. This allows for the adjustment of the horizontal beamsize and position downstream of the monochromator. When optimized for the scattering chamber, it produces a minimum horizontal sample spot size of 300 μm full width at half maximum. The exit slits of the monochromator are formed by four independently controlled precision knife edges, which allow for control of the spectral resolution (vertical aperture) and intensity (horizontal aperture). After passing through the exit slits, the x rays are deflected by a vertical focusing mirror, producing a vertical image of the 25-30 μm exit slit at the center of the scattering chamber. This mirror has a magnification of 3, yielding typical vertical spot size (FWHM) of 100 μm.
Higher order suppressor
Before reaching the scattering chamber, the beam can optionally be passed through a four-bounce mirror assembly ( Figure 2 ) that can filter out higher harmonics produced by the undulator and passed by the monochromator. The fourbounce design was chosen because of its superior order suppression (2nd order < 10 −3 and 3rd order < 10 −5 suppression over the 100-600 eV range), a constant exit path with an adjustable incidence angle, and a simple mechanical design. Pairs of parallel mirrors are placed in standard optical mounts that have been modified to allow each optic to be supported by springs attached to the back surface but held in position by clips on the front. These mounts are arranged to form a double periscope so that the exiting beam is collinear with the entering beam. The periscope assemblies are positioned by sets of pivot/flexure bearings within a housing that directly connects to the vacuum chamber. A linear feedthrough presses on the periscopes adjusting the rotation angles in tandem. A picomotor is mounted on the final optic for small adjustments and beam steering. There is no linear motion in the assembly, which means the beam will "walk" across the mirrors as the angles are changed. This configuration minimizes both the amount of in-vacuum motion required as well as the number of components that could be misaligned after installation. The optical elements in this design are standard 2 diameter uncoated mirror blanks coated with 20 nm of Ni for optimized performance in the 200-600 eV energy range. The overall size of the optics is determined by the length of the beam as it intersects the optical surface combined with the distance the beam will walk across the length of the optic as the incident angle is changed between 4
• and 8
• for varied levels of suppression (see Sec. III C and Figure 4 ). The optics are also capable of being moved out of the beam-path, allowing for unfiltered light to freely pass through a 3.5 mm gap to the endstation when higher energies are needed or higher harmonics are not detrimental. This compact design requires only one motorized axis and produces a constant beam-path at any incident angle.
Beam definition and monitoring
Three sets of horizontal/vertical slits are used to define the beam on the sample and minimize parasitic scattering. All are configured to independently adjust the positions of four beam-defining knife edges (left/right/top/bottom). The first set, manually actuated, is located ∼1.5 m upstream of the sample chamber and allows for fine definition of the beam. The second set (JJ X-ray) is motorized and located just outside the chamber 0.6 m upstream of the sample. It is able to remove most of the remaining parasitic scatter produced by the first set of slits. The final set of slits is located inside the scattering chamber, about 0.2 m (adjustable) upstream of the sample. In-vacuum picomotors (New Focus) control the position of these slits to produce a clean beam profile, allowing for measurements down to 2θ = 0.04
• , corresponding to a feature size of ∼4 μm with energies near the carbon K edge, matching the coherence size of the x-ray beam which is ∼5 μm at 300 eV.
Beamline 11.0.1.2 includes the capability in a number of locations to measure the photon flux for diagnostic and experimental needs. Of experimental interest, located after the 6
• deflection mirror, an assembly with a gold mesh can be lowered into the beam and connected to a picoammeter to allow measurement of photoelectric current. However, because this filter assembly is upstream of the higher harmonic rejection mirror assembly, the spectrum of x rays measured here is not suitable for normalization of scattering intensities when higher harmonic contributions are significant, as is the case during operation at energies that correspond to the carbon dip (see Sec. III C). In this case, a second gold mesh, directly downstream from the higher harmonic suppression mirrors but before the first set of slits can be used as an incident flux measurement.
A pneumatic photon shutter just upstream of the sample chamber allows the x-ray beam into the sample chamber, and is synchronized to the 2D detector exposure. This shutter allows the CCD detector to accurately and reproducibly collect 2D scattering intensities down to 0.1 s exposures.
Sample chamber
The high vacuum sample/detector chamber shown in Figure 3 houses a sample stage and the detector, which are mounted on independent goniometers in a 2-circle diffractometer geometry. The sample stage is able to move in three spatial and one rotational direction, allowing multiple transmission or reflectivity/grazing samples to be loaded at the same time. The sample translation stages have 50 mm total of travel, allowing a total accessible area in one sample load of ∼2500 mm 2 . The sample chamber can be opened in roughly 10 min by warming up the camera to room temperature, closing all the valves and shutters and subsequent venting the chamber with dry nitrogen. Samples can be accessed through a small door or a larger door, depending on the need for access. Pumping down the chamber to 10 −6 torr and cooling the detector to its normal working temperature of −45
• C takes ∼20 min, resulting in a total sample exchange time of ∼30 min. The sample stage is held by a kinematic mount with three points of contact, which is electrically isolated from the goniometer, allowing for the measurement of photocurrents generated during x-ray exposure. This setup can be used to measure total electron yield near edge x-ray absorption fine structure (TEY-NEXAFS) spectra from the sample. Two photodiodes (5 mm × 5 mm GaAs photodiode from Hamamatsu and 1 mm × 3 mm Si photodiode from Advanced Photonix) are mounted on the 2θ detector arm. The first is designed to be in the direct beam when 2θ = 0
• and is used for θ -2θ reflectivity scans and NEXAFS spectroscopy in a transmission geometry. During these types of measurements, the 2D detector is rotated away from the optical axis and thus protected from the direct and reflected beams. The second photodiode is mounted on the beamstop protecting the 2D detector from the direct x-ray beam. This allows simultaneous flux monitoring and absorption measurements while 2D scattering data are being collected.
Cross calibration of the first diode has been measured by comparison within the narrow overlap of flux at which both the CCD detector and the photodiode are usable (see results of spectroscopic response of 2D detector, below) and is determined to be 9.8 × 10 9 photon/nA at 283 eV.
Soft x-ray CCD detector
The in-vacuum, back-illuminated CCD soft x-ray detector (Princeton Instruments PI-MTE) is thermoelectrically cooled to ∼45
• C. Heat produced by the thermoelectric cooler is removed by circulating chilled liquid ethanol through the copper heatsink to which the camera is mounted. The heatsink is connected through flexible hoses via a vacuum feedthrough to a chiller outside the chamber. The CCD consists of a 2048 × 2048 array of 13.5 μm × 13.5 μm pixels. The detector is installed on a 2D stage with 50 mm of horizontal motion and 80 mm of radial motion, which is mounted on the 2θ arm of a goniometer rotating in the vertical plane. This allows the sample-detector distance to be adjusted from 80 mm to 160 mm while allowing the detector to collect scatter from −25
• to +160
• from the incident x-ray beam. By acquiring exposures at varying detector positions and angles, a large q-range can be covered efficiently. At energies near the carbon edge, this procedure allows collection of scattering data that corresponds to feature sizes from less than 3 nm at 2θ = 110
• to greater than 3 μm at 2θ = 0.04
• . Utilizing the extreme energies available on the beamline (165 eV-1800 eV) the accessible feature size spans four orders of magnitude from 0.5 nm to 5 μm.
Calibration samples
Geometrical calibration samples are a necessary component of any scattering facility, as the incredible variety of experimental setups available entails that accurate measurement of the sample and detector geometry is often very tricky and can vary with each individual experiment. Although monitoring motor positions can give a very good idea of the geometry (discussed in Sec. III F), when possible, calibration scattering sets are taken with each set of data to ensure the correct scattering angles are collected. Calibration samples which cover the energy and q range of this scattering facility are more complicated in comparison to higher energy beamlines. Samples with well-defined scattering peaks in the 10-1000 nm range are less common than the crystalline systems available in the 0.1-10 nm region. At higher photon energies or for very large scattering angles, standard hard x-ray calibration samples such as silver behenate, 36 which has well-ordered 5.8 nm lamellae, can be used. However, for typical soft x-ray photon energies and the size scales probed with them, this 5.8 nm ring is not useful. For this reason, we have characterized a set of samples suitable for calibration with the use of soft x rays to cover the q and energy ranges available at this facility. Our primary calibration is a manufactured linear grating with 300 nm spacing (described in Sec. III C). Both because it is a linear grating and so is of little use in beam centering, and also rather large and delicate, one or more of a set of secondary calibration samples with well-characterized peaks each on a 100 nm silicon nitride film supported on a 1 mm × 1 mm silicon window for transmission geometry is typically loaded directly along with each sample load. First, a silver behenate powder as mentioned above is used for very large angle scattering or higher energies where features ∼1-10 nm are probed. Second, 300 ± 1 nm diameter poly(styrene) nanospheres with well-characterized scattering maxima, drop cast and dried from a aqueous solution, are used for very low angles (large features) and low energy scattering (these two calibration scattering examples are shown in Figure  9 ). Finally, for general scattering of 10-100 nm features, where neither of these calibrants are ideal, a poly(isopreneb-styrene-b-2-vinyl pyridine) (PI-b-PS-b-P2VP) triblock copolymer ∼1 μm thick film 38 that has a well-characterized 39.1 nm hexagonal cylindrical lattice with high scattering contrast at 280 eV is often a convenient calibrant (discussed in a thin film grazing geometry in Sec. IV C).
B. Control electronics and software for instrument control and real-time analysis
Standard ALS beamline control software orchestrates control of all motors and acquisition at the endstation. X-ray energy, polarization, mirror and monochromator settings, as well as the locations of the sample, detector, filters, and slits can all be electronically controlled and queued up for extensive automated 2D scattering data acquisition. This software controls over 35 motors, inputs 9 analog channels and video from inside the sample chamber to help with placing the x-ray beam where necessary, and controls the exposure of x rays in both photodiode and CCD exposures. A separate program based on the software package NIKA (Ref. 39) (described in Sec. III. D) reads CCD scattering data as it is written, and is able to automatically reduce the 2D scattering datasets into I(q) plots. The orchestrating nature of this control system, requiring simultaneous changes of both the undulator and the monochromator to change photon energy, for instance, makes typical one-dimensional scans such as scattering versus energy and absorption spectra somewhat more time consuming than at a simpler beamline, however such delays are appropriate when reading out this CCD, which has a readout time of ∼5 s at full resolution or ∼2 s in a 2 × 2 binned mode.
The queuing capability of the beamline control software allows automation of the data acquisition of many samples in one large scan. First, all the sample locations are found and recorded. Next, values of the desired independent variable for each sample (e.g., energies, polarizations, etc.) are determined. The user creates a scan file with these variables, which the program can use to automate the collection of scattering patterns at each beamline configuration listed in the scan file, adjusting the beamline parameters between exposures as necessary. CCD exposure time can additionally be varied to insure proper levels of exposure for different scattering intensities. In many cases, energies are difficult to pick ahead of time, in which case a quick scatter scan of a sample over a range of x-ray energies can be easily collected. With 1 s exposures, the energy range covering the carbon edge can be collected in ∼10 min. If the automatic scatter analysis tool is running, maximum contrast energies are readily found by noticing when the scatter profile is maximized, at which point a targeted scan with longer exposures at these appropriate energies can be created and executed.
III. BEAMLINE CHARACTERIZATION
In order to properly normalize 2D scattering data and achieve quantitative information, the x-ray beam and the 2D detector have to be well characterized. Properties of the x-ray beam that need to be determined include measurements of incident flux and absorption as a function of photon energy, the actual polarization of light when it reaches the sample, the beam size in the scattering chamber, the nominal energy of the photon beam, and the fractional intensity due to higher order spectral contributions. Important detector properties are fixed pattern and read noise as well as spectral response.
A. Characterization sample preparation
Polystyrene (PS) nanospheres are supplied by microspheres-nanospheres. The supplied solutions of 300 ± 1 nm nanospheres in 25 mg/ml, suspended in water, were drop cast on 100 nm silicon nitride windows and dried in ambient conditions for ∼30 min.
The poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) blend (P3HT:PCBM) bulk heterojunction thin film consisted of regioregular (93%) P3HT supplied by Rieke, and PCBM supplied by Nano C. P3HT:PCBM blend films were spin-cast onto sodium poly(styrenesulfonate) (NaPSS)-coated glass substrates from a chlorobenzene solution with 1:0.8 weight ratio in a N 2 atmosphere and annealed on a hot plate at 150
• C for 30 min. The film thickness was measured as ∼250 nm via ellipsometry. The film was then floated off the substrate by dissolving the NaPSS in water. It was transferred to a 5 mm × 5 mm aluminum frame with a 1 mm × 1 mm open window in the center, resulting in a standing-alone film in the window area for transmission scattering experiments.
Other tests samples include a P3HT:P(NDI2OD-T2) blend spun cast and transferred onto a 5 mm × 5 mm aluminum frame with a 1 mm × 1 mm open window in the center in transmission geometry used for polarization characterization 24 and poly(1,4-isoprene)-block-polystyreneblock-poly(2-vinlypyridine) (PI-b-PS-b-P2VP) triblock copolymer 24, 38 used in a ∼1 μm thick transmission sample on a silicon nitride transmission window for geometry characterization and a 40 nm thin film on a silicon wafer in grazing geometry. These samples have been described in depth previously and the reader is directed to those publications for sample details. 24, 38 
B. Energy calibration
The monochromator has a resolving power (λ/ λ) of ∼3000 which translates near the carbon edge to an energy width of ∼0.1 eV. Calibration of the x-ray energy is accomplished by collecting transmission or TEY NEXAFS spectra of known polymer systems or highly ordered pyrolytic graphite (HOPG) and comparing measured resonance features to known values. PS and poly(methyl methacrylate) (PMMA) are two common polymers with known NEXAFS spectra. 40 Even though the resonant absorption peaks of these polymers are rather broad (∼300-500 meV) compared to HOPG, they are suitable for easy energy calibration in transmission to within the bandwidth of the beamline. HOPG is available and is utilized in a TEY NEXAFS measurement if a more accurate energy calibration is desired. 41, 42 
C. Higher order spectral contamination
The undulator produces and the monochromator passes not only x rays with the nominal energy but also higher harmonics of this energy. Typically, these higher harmonic contributions are an appreciable, but tolerable fraction (∼5%-20%) of the x-ray beam. However, the flux of x rays at energies near the carbon K edge is often significantly affected by even nanoscopic layers of carbon contamination on the xray optical elements of the beamline. This contamination 43, 44 reduces the reflectivity in this energy range and can result in a dramatic reduction in the flux of these first harmonic photons. This reduction is often referred to as the "carbon dip." The pronounced reduction in available beam intensity due to the carbon dip is shown in Figure 4 (a) and inset. Unfortunately, the affected energy range is often quite useful in probing organic systems. [15] [16] [17] 20 Since the reflectivity of the higher order x rays is virtually unaffected by carbon contamination, the reflected beam is enriched in photons of the wrong energy. This increased fraction of higher harmonics makes normalization to incident flux and quantitative analysis of experiments exploiting the unique contrasts available in this energy range difficult if not impossible. A harmonic suppressor assembly as described above (Sec. II A 2) is required.
To quantify the fractional intensities of the different harmonics in the beam, we use a transmission diffraction grating with a line spacing of 300 nm and compare the intensities of the different diffraction orders at 284 eV, in the middle of the carbon dip. The diffraction grating is mounted at the sample location and the diffracted beam is recorded with the CCD detector. Figure 4(b) shows the resulting diffraction patterns as measured by the 2D detector. With the harmonic rejection mirrors adjusted to 5.4
• incident angle, the diffracted higher order peaks are more than two orders of magnitude lower in intensity than the first harmonic light and essentially in the background. Thus, the use of the four-bounce harmonic rejection assembly with an incident angle at or above 5.4
• is determined to provide a sufficiently monochromatic beam at the difficult energies around the carbon absorption edge for typical experiments, although higher angles continue to improve the spectral purity. These scattering patterns shown in Figure 4 (b) reveal that the higher harmonics are a substantial fraction of the beam when the order suppressing mirror is not utilized. Flux measurements in this energy range with a photodiode detector with no higher order rejection in place reveal that the measured intensity at 284 eV is 13% of the measured intensity at 270 eV. While the higher harmonic rejection assembly is in place, this percentage drops to 2.8% (see Figure 4(a) ). Comparing these measurements, we can conclude that, in general, 10% of the photons in the beam at the time of this measurement (before carbon mitigation measures described below) are higher harmonic contributions. However, in the carbon dip, when first order light is selectively absorbed, ∼80% of the x rays were higher harmonic photons. This underscores the severity of carbon contamination and the necessity of having adequate higher harmonic suppression. Although higher harmonic rejection eliminates the deleterious impact of the carbon contamination when it comes to spectral purity, the useful flux is still greatly reduced. In addition, the effects of the carbon contamination on the polarization state of the photons cannot be easily mitigated as discussed in Sec. III D. It is important to point out that although the 2.8% flux in the carbon edge is far from ideal, measuring it precisely as we have here shown allows very high quality scattering data to be obtained (see Sec. IV). Recent efforts to remove carbon contamination from several of the optics (described in Sec. V) and optimization of the optical configuration have significantly decreased the carbon contamination and increased the x-ray flux. In the beamline's current state as of publication, the flux of first order x rays has increased significantly to above 50% of the total incoming photons, which when combined with an improved optical path, results in more than an order of magnitude improvement in this critical energy range. Unfortunately, carbon contamination will eventually build up again and the performance of the facility at any given time will likely be in-between the two situations discussed here.
D. Polarization
An elliptically polarizing undulator allows adjustment of the direction of linear polarization and the ability to switch to circular and elliptically polarized x rays. These unique properties allow for a novel technique, resonant scattering with polarized soft x rays, in which the morphology of molecularly oriented regions of a sample is probed by scattering preferentially from bonds with anisotropic transition dipole moments, for instance, the p-orbitals in conjugated polymers. If there is some larger range order in the arrangement of similarly aligned orbitals, polarized soft x rays tuned to an energy with sensitivity to that orbital can then exploit that unique contrast to probe the ordering, even if the sample has a uniform electron density and is chemically homogenous or even amorphous. An example system with this behavior, measured in transmission geometry is P3HT:P(NDI2OD-T2), as shown in Figure 5 . Here, it is clear that with different polarization of light, a corresponding scattering anisotropy is apparent. With vertically polarized photons, the scattering is enhanced in the horizontal direction and suppressed in the vertical direction. The anisotropy is reversed for horizontally polarized photons and disappears at energies for which the photons are no longer resonant with the anisotropic p-orbital.
We can now use this material system as a soft x-ray polarimeter and determine limits of the actual polarization of the 285 eV x rays. The various linear polarizations vs. anisotropic angle shown in Figure 5 (e) show well-behaved linear polarization control. However, changing to circularly polarized light, we see that not all the anisotropy has disappeared. Regardless of orientation of the sample and between different samples, there remains a smaller anisotropy aligned at ∼60
• from the horizontal, revealing an elliptically polarized x-ray beam. Although the EPU can produce elliptically polarized light (and is set to do so, intentionally, when creating 3rd and 5th harmonic radiation), the residual linear polarization from these settings is either horizontal or vertical, and will not be oriented at an angle. One possible explanation is the carbon contamination discussed above (Sec. III C). A small layer of carbon on the optics can cause dramatic phase shifts and selective absorption of reflected x rays, causing initially circularly polarized light to become elliptically polarized upon reflection. Limits on the percentage of linear polarization of the light that reaches the endstation can be obtained by comparison of the anisotropy ( Figure 5 ). By fitting an azimuthal cross section of the scattering peak to an offset sinusoid, we can decompose a minimally linear component of the beam, by presuming actual circular light does not produce any anisotropy, but only produce an isotropic offset. Assuming the sample is perfectly anisotropic (zero scattering in the appropriate direction) when probed with truly linear aligned light, we measure a lower limit of 18% actual linearly polarized light when the beamline is set to produce circular. This also gives a lower limit on the purity of the linear polarized light of ∼50%. On the other hand, we can find the upper limits by presuming the sample itself produces a certain amount of isotropic signal (a linear offset to the sinusoid) even if the beamline produces purely vertically polarized x rays when we set polarization to vertical. Analyzing this limiting case, we calculate an upper limit on the amount of linear light while the beamline is set to circular to be 40%. Using similar logic the other limits of polarization can be determined and are summarized in Figure 5 .
E. Detector characteristics
The characteristics of the 2D x-ray detector, i.e., the response to x rays of different energy, readout properties, and sources of noise need to be understood to allow for quantitative analysis of scattering data.
Calibration of spectral response of CCD detector
When striking the back-illuminated CCD, an incoming photon frees some number of electrons in the active layer of the device. The number of these free electrons is proportional to the photon energy:
The fraction of these electrons that avoid recombination long enough to be collected in the CCD pixel over the number initially created is defined as the quantum efficiency η e of the CCD pixel. This value changes with the energy of the photon, as different energies of photons tend to be absorbed at different depths in the device, creating longer or shorter paths for the electrons they produce to be collected in the pixel and eventually summed by the analog to digital converter when the CCD is read out. For a single pixel the resulting digital readout S in analog to digital units (ADUs) is then
where N ph is the number of photons incident on the pixel and g e is the electron gain of the analog to digital converter. This relation can be simplified by combining the constants into one effective photon spectroscopic gain g ph , which will vary with energy along with the quantum efficiency:
FIG. 6. Histograms of CCD readout at 1500 eV, 1250 eV, 1000 eV, and 900 eV for low intensity illumination ( 1 photon/pixel) and dark counts for comparison. Single photon event peaks in the histograms are pointed out for the higher photon energies.
Thus, the number of photons N ph that actually hit the pixel using Eqs. (4)- (6) is
The quantum efficiency is well understood, 45 and so if we can measure the photon spectroscopic gain at one energy, we can calculate it at any energy using Eq. (6) and use this value to convert the output of ADUs/pixel into an actual number of photons/ q and thus a quantitative scattering cross section.
We measure the photon spectroscopic gain of the 2D detector by exposing it to evenly dispersed, sparse, relatively high energy photons, such that the exposure of the CCD consists of well-separated, single photon events. The spatial spread of secondary electrons (the point spread function) produced by a single photon is not guaranteed to lie entirely within one pixel. It is in fact a minority of pixels that contain all the electrons produced by a single photon. This causes the histogram of ADUs per pixel to be spread out, making it difficult to distinguish single photons, particularly when the electron yield is low (generally at lower energies). At 1500 eV however, a separate peak of pixel values is clearly distinguishable from the distribution of partially filled and unilluminated pixels (σ ∼ 8 ADUs) (Figure 6 ). Repeated measurements and histograms of resulting pixel values at x-ray energies down to ∼1000 eV were possible as this peak remained clearly separated from the background peak. No peak is observed when the CCD is exposed to 900 eV and lower energies. To extrapolate from these values to the photon gain at different energies, the varying quantum efficiency 45 must be taken into account. At the carbon edge, η e (285 eV) is roughly equal to η e (1500 eV) , meaning
so at 280 eV the CCD returns ∼28 ADUs/photon.
Noise characteristics of detector
Noise in a CCD originates primarily in two ways: dark noise is accumulated along with the data during integration and read noise is generated effectively once per exposure during readout. With any detector geometry, light-leaks in the chamber and noisy pixels will cause a certain fixed-pattern dark noise proportional to the exposure time. Fortunately for any set of data, a set of dark datasets in the same detector geometry and same exposure time can be subtracted from the collected 2D scattering patterns prior to analysis to essentially remove dark noise. It is found that careful covering of all windows on the chamber and cooling the detector to −45
• C once under vacuum reduces the dark noise to low levels, however exposures over a second in duration still improve dramatically with subtraction of an identically exposed image keeping the x-ray shutter closed. In this way fixed-pattern noise that accumulates in an identical exposure time and geometry can be removed. While taking longer dark images would reduce the additional uncertainty added by the Poisson statistics of the fixed-pattern noise, the properties of the detector change substantially both with the immediate light conditions of the sample chamber and the longer term growth of hot pixels. For these reasons we find that to ensure optimal data reliability, it is best to take an identically exposed dark image with each set of exposures.
Readout noise is, in general, much more difficult to predict and mitigate, particularly with current in-vacuum CCD systems. We show that in this system read out noise changes significantly with each exposure. A histogram of the offsets and standard deviations of a set of identically exposed dark images (Figures 7(a) and 7(b) ) shows the variability of both overall scale and functional form of the readout noise. The height of the horizontal profile in Figure 7(c) shows that the variation in the intensity within a single exposure can account for as much as 2 photons/pixel from the left to right side of the detector. The problem seems to arise from electronic heating during readout and is difficult to mitigate electronically for in-vacuum systems. Vertical profiles show no significant variation because this is the fast readout direction of the CCD and significant electronic heating cannot occur over this timescale. Single frame variation can be reduced by going to a 2 × 2 binned mode, however there is still an exposure to exposure shift, which is much more difficult to correct for. The width of the histogram of average values before background correction shows that the shift from exposure to exposure can be as much as 10 photons/pixel in overall background intensity. To correct for each of these readout errors and their variations over time, both within each individual exposure and between subsequent exposures, we blocked the lower section of the detector, insuring that part of each 2D dataset is essentially a simultaneous dark exposure. The dark portion can then be vertically integrated to a horizontal profile and fit to an empirical double exponential function (Figure 7(c)) . This fit can then be used to correct each row of the exposure for both the variation in readout level and overall background level of that dataset. The results of readout correction are shown in the histograms of data (Figures 7(a) and 7(b) ) before and after application of the correction process. After correction, the variation in overall offset is essentially removed to less than one ADU, while the shift in the background within each exposure is reduced significantly as can be seen in the histogram in Figure 7 (b) and the 2D dataset example shown in Figure 7(d) . 
F. Data collection and live analysis
Software developed for 11.0.1.2 has features including correction for photon quantum efficiency and automatic background correction as described in Secs. III A and III E. In addition, routines have been developed that make it possible for live analysis of scattering data while the data is being read out from the detector. An analysis program written in IGOR Pro (Wavemetrics) (Figure 8 ) based on the NIKA data processing program 39 has been implemented that can perform all the typical analysis steps as data is recorded. First, the geometry and energy calibrations are measured using a set of calibration samples with known spacings and energy responses. The analysis program fits the characteristic scattering rings from the chosen calibrant to determine the geometry of the sample and detector in the same procedure as in hard x-ray scattering calibration. 46 Various forms of data analysis are available, including radial integrations, sector integrations, line cuts, or some combination. After the data analysis mode is chosen and a dark image or series of dark images is acquired with the same exposure times of the data to be collected, the "auto analyzer" feature is turned on. As data is collected, a reduced form of the data (typically an I(q) graph) is produced and optionally plotted, allowing for immediate feedback of data quality, ensuring efficient and effective use of beamtime.
Movements of the sample or CCD geometry, the parameters of the x-ray optics, and apertures including the polarization and energy are recorded and data processing parameters are automatically adjusted as necessary (i.e., for a new beam center) to reflect the new state of the beamline.
IV. RESULTS

A. Example of data tiling and limits of q range
To reach the maximum range of momentum transfer that the beamline is capable of, exposures at varying detector locations are necessary. Procedures have been developed to allow acquisition of scattering to 2θ > 90
• , although certain geometrical aspects of the sample environment have thus far limited acquisition to 2θ < 50
• . This corresponds to reaching a small feature limit of ∼5 nm with use of 280 eV photons (see Figure 9 ). For the lowest q possible, the detector is moved to its furthest distance from the sample (168 mm). In transmission geometry, an additional 25 mm of distance can be gained for a total distance of 195 mm by moving the z motor of the sample stage to the upstream limit. In four exposures, one with the CCD centered and the sample-CCD distance maximized at 193 mm and one each with sample located in the center of the goniometer at a distance of 80 mm and while the detector is at 10
• , 25
• , and 45
• from horizontal, a q range spanning nearly 3 orders of magnitude is readily obtainable. This is shown on a sample of drop cast 300 nm polystyrene nanospheres in Figure 9 . At each location, calibration data could be recorded, but the live analysis software can also extrapolate the change in geometry automatically by monitoring the motor positions. Thus, a single plot of scattered intensities vs. momentum transfer can be built by simply moving the detector and taking successive exposures.
Operation in grazing geometry makes using the extra distance afforded by moving the sample to the upstream limit more difficult if not impractical, as the exact grazing angle determination is only readily done when the surface of the sample is in the center of rotation of the 2-circle diffractometer. Although the low q-limit is thus theoretically slightly increased over use of the facility in transmission geometry, the added geometrical benefit of stretching the in plane scatter in the specular direction actually allows measurement beyond the limit allowed in transmission, probing features as large as the coherence limit of 5 μm in the plane of the sample.
B. Example application in transmission geometry: P3HT:PCBM
R-SoXS has been found useful in characterizing a number of blends used for organic bulk heterojunction (BHJ) solar cells. 14, [47] [48] [49] Samples are conveniently investigated in transmission as thin films prepared precisely in the way they are for the devices. We show as an example the R-SoXS results of a P3HT:PCBM blend, a relatively high-performing system used in organic solar cells. The radially averaged R-SoXS intensities from a 250 nm thick film annealed at 150
• C for 30 min are plotted in Figure 10 for 284.2 eV and 270 eV photon energy. Due to the energy dependence of the optical constants of the constituents and thus their contrast, the scattering intensity profiles show strong energy dependence. At 284.2 eV, the scattering contrast between P3HT and PCBM constituents is optimized. The spacing corresponding to the feature observed is 2π /q ≈ 20 nm. At 270 eV, the contrast be- tween P3HT and PCBM is much reduced. The energy dependence of R-SoXS can thus be readily exploited and provides crucial information that can be taken into consideration when analyzing the data with more conventional methods.
Other applications to date in the transmission geometry include various block copolymer systems, 16, 38, 49 dilute solutions and suspensions, 50 low dielectric polymer thin films, 17 and organic thin film transistors.
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C. Example application in gracing incidence geometry: Block copolymers
Scattering from grazing incidence geometry has numerous benefits. As in hard x-ray grazing incidence scattering, the incident x-ray dose on the sample is minimized, while the scattering path in the sample is maximized, meaning sample damage is minimized while scatter intensity can be simultaneously maximized. In addition, a single CCD exposure can capture both the in-plane structure as probed in transmission geometry and out-of-plane structure as probed in reflectivity. When this is added to the chemical sensitivities of soft x rays, a powerful and unique tool for measuring thin film structure is achieved. For example, the structure of an IS2VP tri-block copolymer thin film was characterized using grazing incidence soft x-ray scattering as shown in Figure 11 . Twodimensional scattering intensities in the in-plane (q xy ) direction integrated within a narrow rectangle along the Bragg-rods are shown in Figure 11 . The location of the Bragg rods (see 250 eV data as example) reflects the in-plane structure, while the modulation along the rods in the q z direction reveals the out-of-plane structure -the film thickness in this case. Based on the in-plane q-spacing of the first, second, and third diffraction order, we can conclude that the 40 nm thin film contains hexagonal packed in-plane structure with long-range order. Interestingly, the variation in the relative diffraction peak intensities at different energies suggests a core shell structure.
Traditional techniques have difficulty determining this structure because the scattering intensity is the multiplication of the form factor and the structure factor (interference Rev. Sci. Instrum. 83, 045110 (2012) function) and when samples contain long-range order, the diffraction from the structure factor dominates the form factor. Decoupling the form and structure factors requires changing the relative contrasts, which can be rather challenging with traditional techniques. While contrast matching is possible in neutron scattering, it requires adjusting the 1 H/ 2 H ratio during synthesis of one or two of the blocks. R-SoXS, as demonstrated in this case, can tune the contrast between the polymer blocks simply by changing photon energy. Varying the effective contrast changes the form factor of the object and relative peak intensities in the scattering pattern, while the structure factor remains the same. As can be observed in Figure 11 , the relative peak intensity of the various diffraction orders is indeed a strong function of photon energy, confirming structure of nested dual lattices of hexagonally packed cylinders. Quantitative modeling as well as stained electron tomography confirm this result and provides additional details about the relative length scales and geometry of different cylinders.
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V. DISCUSSION
We have shown methods addressing many of the difficulties encountered with obtaining artifact-free scattering data near the carbon K absorption edge. Higher harmonic spectral components of the beam are measured with a diffraction grating and removed by a four-bounce Ni-coated mirror adjusted to a sufficiently high angle. New methods in measuring the polarization content of the x-ray beam around the carbon edge were presented and show that actual circular polarization is difficult to obtain, which is likely the result of carbon contamination on beamline optics. Methods for obtaining photon counts from the readout of a 2D in-vacuum back-illuminated CCD were developed. Procedures to measure and correct for noise sources applicable to any in-vacuum 2D detector system able to record photon energies in this range were developed. Finally, we have presented a live analysis system that is able to accomplish the initial reduction and analysis of data immediately as data is acquired. With all these methods and characterizations, we ensure efficient, normalized, corrected, and quantified scattering data acquisition in this difficult but uniquely useful x-ray energy range.
In spite of the significant improvements achieved with the present facility and the procedures for working around certain difficulties, there are several aspects that can and must be improved in order to take full advantage of the intrinsic capabilities. Foremost amongst these are the carbon contamination on the optics, improved accuracy of absolute scattering intensity, and control of the sample environment.
Mitigating carbon contamination is a central concern for soft matter systems, in which case those energies that are most effective in probing morphology are also those affected most by carbon contamination. The negative impact on the polarization by the anisotropic carbon contamination is particularly detrimental and cannot be compensated for by longer exposure times or use of higher order suppression. There has been success on other beamlines of cleaning the optics in situ by leaking in a low pressure of O 2 , which when exposed to x rays or secondary electrons near the optics creates reactive oxygen species that react with the carbon on the surface to create volatile compounds that can be pumped away. . 51, 52 Alternatively, direct creation of a reactive glow-discharge plasma can be used. 53 This method, however, works best with lineof sight between the RF-reactor and the optics. It also necessitates a bake-out after cleaning. Alternatively, optics can be cleaned ex situ with a UV-lamps or a standard UV-ozone cleaner, or the coating can be stripped and a new one is evaporated. Very recently, an effort at 11.0.1.2 to mitigate the carbon contamination by removing and cleaning the main mirrors in this way was completed successfully, improving the flux of 284 eV photons by more than an order of magnitude.
Certain problems with the beamline and facility are intrinsic to the specific hardware installed and can thus be mitigated only by upgrading the hardware. In vacuum, two-dimensional soft x-ray detectors have been very useful for efficient scattering detection. However, the detector currently installed in 11.0.1.2 has been shown to have various readout issues that affect absolute measurements which we describe above. Even though we have mitigated these issues with automated corrections, newer detector technology such as active pixel arrays with single photon counting capabilities will be ideal for future development. Although the present detector and facility provides a significant improvement over use of point detectors, only ∼3% of the desired solid angle of = 2π is detected. Two-dimensional detectors or arrays of detectors that cover a larger angular range would be able to further improve the throughput and signal/noise ratio for intensity measurements at high q, while also reducing the radiation damage of the organic samples. This will become increasingly important as more tightly focused x-ray beams might be used to investigate smaller samples. Given the large scattering angles present for scattering of soft x rays, development and implementation of a large solid angle detector will be not trivial to achieve.
The present low q limit cannot be significantly improved given the source and beamline optics and the current sampledetector distance, which is limited by the size of the scattering chamber. A second detector mounted permanently on the xray axis in the upstream wall of the scattering chamber will decrease this low q limit to the coherence minimum of the x-ray beam.
Sample environmental control, such as heating/cooling, the use of liquid or gas cells, and magnetic and electric fields, would further broaden the utility of the facility presented, allowing in situ measurement of the evolution of numerous systems.
There are many further areas of development for soft xray scattering. Grazing incidence developments include utilizing the varying optical properties of various materials near absorption edges, which should enable selectively scattering from an internal interface by careful choice of x-ray energy where the contrast of that particular interface is maximized. In all scattering experiments, but in soft x-ray systems perhaps even more so, the development of analytical and statistical modeling and fitting tools are critical to fully utilize the power of these techniques. In this direction, new tools are being developed to allow real space and Fourier space techniques to work together to determine both local and structure and long-range order within important systems.
VI. CONCLUSION
By utilizing the selective contrast to composition and orientation afforded by use of photon energies near the carbon absorption edge, R-SoXS is proving particularly valuable in revealing structure-property relationships. Most applications to date have focused on characterizing systems based on synthetic materials. Similar to other scattering methods, R-SoXS is however a general characterization method that we expect to be used in many disciplines and across many material classes that will eventually include biological, environmental, and organic geochemical materials. We anticipate a development similar to what has occurred in the field of transmission NEXAFS microscopy, which has initially also been demonstrated utilizing polymers 2, 3 and which has subsequently been used in wide range of disciplines that span geology, 54 chemistry, 55 polymer science, 56 and biology. 57 However, unlike the situation in microscopy where edges of samples are of little consequence and rather small samples can be studied with ease, edges introduce strong unwanted parasitic scattering if the sample is smaller than the photon beam. This parasitic scattering might limit the range of samples that can be investigated until such time that more tightly focused x-rays beams become available.
In many instances, quantitative analysis required for many applications necessitates knowing the correct intensity across the full q-range in order to achieve correct structure factors and correlation functions, and calculation of the scattering invariant Q. Given that the desired data often spans six orders of magnitude, the limited per-pixel dynamic range of the present CCD to a little more than 10 3 and the various sources of noise thus necessitate extensive experimental care when tiling q-ranges or comparing data sets at different energies. Development and use of more advanced detectors that facilitate accurate measurements are thus highly desirable. In general, the goal for the R-SoXS community will have to be to match the accuracy achieved by the more developed and matured ASAXS and SANS communities. The developments presented here are a necessary first step.
An interesting direction for future development of this facility would take advantage of the high brightness of the undulator source by illuminating the sample coherently. Recent developments in x-ray photon correlation spectroscopy and coherent diffractive imaging techniques such as HER-ALDO and ptychography show great promise for characterizing nanoscale morphologies in real space or probing dynamic phenomena. 28, 58 These methods take advantage of the full-beam coherence to invert the scattering pattern into a real space image. This would allow for truly diffraction-limited resolution, thus affording much higher spatial resolution Xray microscopy than current techniques can provide.
There are several soft x-ray scattering facilities existing or under construction at synchrotron facilities around the world, including efforts at SOLEIL, Electra, and NSLS. However, these facilities are not specifically designed to characterize soft matter and so are not necessarily concerned with carbon contamination and the numerous problems it creates. Our focus on optimizing work near the vicinity of the carbon K absorption edge, combined with the high brightness available at the ALS, makes the facility described here a unique and important characterization tool for soft matter systems.
